Abstract-In this paper, the concept and implementation of a new simple direct-torque neuro-fuzzy control (DTNFC) scheme for pulsewidth-modulation-inverter-fed induction motor drive are presented. An adaptive neuro-fuzzy inference system is applied to achieve high-performance decoupled flux and torque control. The theoretical principle and tuning procedure of this method are discussed. A 3-kW induction motor experimental system with digital signal processor TMS 320C31-based controller has been built to verify this approach. The simulation and laboratory experimental results, which illustrate the performance of the proposed scheme, are presented. Also, nomograms for controller design are given. It has been shown that the simple DTNFC is characterized by very fast torque and flux response, very-low-speed operation, and simple tuning capability.
I. INTRODUCTION
A DVANCED speed control of a pulsewidth-modulation (PWM)-inverter-fed drive, based on direct torque control (DTC), is receiving wide attention in the recent literature [1] - [4] , [9] - [10] , [14] - [16] . Fig. 1 shows two system configurations for the DTC-controlled induction motor drive. Both systems use stator flux vector and torque estimators on a PWM-inverter-fed drive. The stator flux amplitude and the electromagnetic torque are the command signals which are compared with the estimated and values respectively, giving instantaneous flux error and torque error , as shown in the figure.
In the conventional scheme [ Fig. 1(a) ] [14] , the and signals are delivered to two hysteresis comparators. The corresponding digitized output variables and the stator flux position sector create a digital word, which selects the appropriate voltage vector from the switching table. Thus, the selection table generates pulses to control the power switches in the inverter. Among the well-known disadvantages of the DTC scheme are the following [1] , [3] , [9] , [10] , [16] • variable switching frequency;
• violence of polarity consistency rules;
• current and torque distortion caused by sector changes;
• start and low-speed operation problems;
• high sampling frequency needed for digital implementation of hysteresis comparators. All the above difficulties can be eliminated when, instead of the selection table, a voltage modulator is applied. In the reference [7] , a voltage space vector is calculated from the torque and flux errors in a deadbeat fashion. However, such approach is computationally intensive and motor parameter sensitive. In this paper, a new controller based on an adaptive NF inference system (ANFIS) [11] - [13] for voltage space-vector generation is proposed. This controller combines fuzzy logic and artificial neural networks for decoupled flux and torque control. In the proposed scheme, shown in Fig. 1(b) , the error signals and are delivered to the NF controller, which also uses information on the position ( ) of the actual stator flux II. DIRECT-TORQUE NEURO-FUZZY CONTROLLER (DTNFC) SCHEME Combining both fuzzy logic and artificial neural networks allows achieving all of the advantages of both systems. Human expert knowledge can be used to build the initial structure of the regulator. Online or offline learning processes can improve underdone parts of the structure.
The ANFIS structure [11] , [13] is one of the proposed methods to combine fuzzy logic and artificial neural networks. An NF inference system is the same as a conventional fuzzy structure shown in Fig. 2 . It contains rule base and database (knowledge base), fuzzyfication and defuzzyfication unit as well as a decision-making unit.
The structure proposed in [11] - [13] (Fig. 2) a backpropagation (for output and input membership functions) algorithms. Because of its flexibility, the ANFIS system can be used for a wide range of control tasks [11] - [13] , [16] .
The block scheme of the proposed self-tuned direct torque neuro-fuzzy controller (DTNFC) for a voltage-source PWM-inverter-fed induction motor is presented in Fig. 3(a) . The internal structure of the NFC is shown in Fig. 3(b) . Sampled flux error and torque error , multiplied by respective weights and , are delivered to the three membership functions in both inputs. To simplify the digital signal processor (DSP) calculations, the functions are triangular shaped as shown in Fig. 4 . This is the first layer of the NF structure. The second layer calculates the minimum of the input signals shown in Fig. 3(b) .
The output values are normalized in the third layer, to satisfy the following relation: (1) where is the third layer th output signal, and is the second layer output weight.
The is the weight of th component of reference voltage vector amplitude, so that (2) where is the amplitude of the th component of the reference voltage vector.
When the weight is active , then the regulator chooses the increment angle value from Table I . The increment is not needed when , because the multiplication Table I ). There are four nonzero output signals from the first layer (two for each input) during the steady-state operation. It results in four generated voltage vectors components ( ) in every sampling time. Vectors are added to each other and the result, voltage vector, is delivered to the space vector modulator. An example of the reference voltage calculation is presented in Fig. 5 (For simplicity, instead of four, there are only three nonzero vectors used for illustration). The space-vector modulator calculates switching states and according to the well-known algorithm [7] , [10] , [16] .
III. IMPROVED STATOR FLUX VECTOR ESTIMATOR
The most basic method for the stator flux vector estimation is based on the voltage model shown in Fig. 6(a) . The voltage model does not require speed signal (as for example in the current model [9] , [10] , [16] ). This makes the scheme directly applicable for speed sensorless control. However, deriving the stator flux from terminal voltages and currents is difficult because of open-loop integration [ Fig. 6(a) ] is subject to sensing errors and drift at low stator frequency. Therefore, to avoid an open integration, voltage flux model working in polar coordinates has been used. As shown in Fig. 6(b) , thanks to a transformation from stator fixed to synchronous rotated coordinates -/ -, the voltage model operates like a phase-locked loop (PLL) which guarantees better stability. A further improvement is achieved by using a new integration algorithm [8] with limiter in flux amplitude feedback [ Fig. 6(c) ].
IV. SELF-TUNING PROCEDURE
There are many methods of tuning of fuzzy systems and neural networks. The ANFIS structure [11] - [13] used for inverted pendulum stabilization is very similar to the presented DTNFC controller. The controller has been tuned automatically by a least-quare estimation algorithm (for output membership function) and backpropagation algorithm (for output and input membership function). The DTNFC can be tuned in the same way. However, we propose another simple and effective off line tuning method.
The proposed DTNFC system contains three membership functions for each input. The tuning of the membership functions width corresponds to scaling of the flux and torque errors. The scaling factors are and weights. The DTNFC is nonlinear high-order system. Therefore, it is very helpful to use simulation for controller design. Fig. 7 presents computed flux and torque error as function of the input weights. The surfaces have also been verified experimentally. It can be seen that there is clearly defined minimum without any other local minimum points. This is because, for small weights the controller chooses high value of the reference voltage amplitude, which results in high flux and torque errors (ripples). From the other hand, if the weights are too big, the steady state errors increase. This tendency allows to use a simple gradient method to find the optimal working point (optimal and values), which guarantees minimal flux and torque errors. However, the torque and flux are not fully decoupled. It can be work out the equations from the mathematical induction motor model [6] , [10] as follows:
where reference voltage amplitude; reference voltage phase; synchronous angular speed,; stator resistance. It can be seen from (4a) and (4b) that, for nonzero synchronous angular speed, the changes of the flux influences the output torque, while the torque change does not influence the flux. That is why flux error minimum should be found first, before searching the torque error minimum. The offline tuning process of the system is presented in Fig. 8 . Note that the tuning surfaces in Fig. 7 have a general validity. The numerical results may little differ according to motor parameters and supply voltage. Also the final flux and torque errors depend on the chosen inverter switching frequency (Fig. 9) .
The DTNFC scheme guarantees very fast flux and torque responses. It is thanks to the lack of integration. Unfortunately, this property causes constant torque error in steady state operation. One of the solutions is adding an integration block. However, as consequence, the torque response will be slow. In the DTNFC, instead of integration, the weight can be used to reach zero torque error at the steady state. This weight decides about the amplitude of the reference voltage vector. Therefore, instead of calculating by the controller, the value of the output weight is calculated from
where and are experimentally chosen factors to compensate for the steady-state torque error (see the Appendix).
V. EXPERIMENTAL RESULTS
To verify the proposed DTNFC concept, a simulation program and the laboratory setup with a four-pole 3-kW induction motor drive with dSPACE DS1102 laboratory control board was constructed. The system is based on Texas Instrument TMS320C31 and TMS320P14 DSPs. The first (main) processor implements the DTNFC control algorithm, whereas the second provides the vector modulation. The board is equipped with four analog-to-digital converters (two 16-bit and two 12-bit), four digital-to-analog converters, and the input for an encoder. A PC Pentium 100 is used for software development and results visualization. Optic fibers are used as interface between the PWM voltage-source inverter and the DSP board. The software is written in high-level language C. The steady-state operation of the tuned system is presented in Fig. 11(a)-(c) . The sampling time has been set to 500 s, what gave flux and torque errors in the range of 1% and 3.5%, respectively. The result has been obtained for half of the nominal speed. The stator current is not distorted by the sector changes, as in the conventional DTC [6] , [14] , and the stator flux trajectory is circular.
The motor magnetization process is presented in Fig. 12(a) . It is visible that the magnetization process takes about ten sampling times (about 5 ms). The reference stator voltage chosen by the controller is parallel to the stator flux vector. It results in short torque distortion what is visible in the oscillogram.
The torque transients to the step changes are presented in Fig. 12(b) . It can be seen that, for the constant stator flux amplitude, the flux and torque are fully decoupled and the flux amplitude is not distorted during torque steps. The stator current response is also presented in the figure. The response time is about 3 ms, which gives a similar dynamic as in the conventional DTC method [5] , [6] , [14] .
The DTNFC system property is characterized by high stator flux dynamic, which is higher than in the conventional DTC. This is because the resultant reference voltage vector can be selected in parallel to the flux vector, what ensures the fastest flux response. Such a property makes the DTNFC controller useful for energy efficient systems, where flux changes are required. The flux response for small step change is presented in Fig. 12(c) .
It can be seen in Fig. 12(d) that the controller can operate successfully at low speed. The slow speed reversal shows that the induction motor is not demagnetized in the low speed region and the torque is controlled correctly. The speed transient for fast speed ramp reversal is presented in Fig. 12(e) . When a speed sensor is used the system is stable in whole speed range (including zero speed at full load). However, instabilities can only occur for sensorless operation in zero speed region. The lower speed control range depends on the used flux and speed estimators' quality. In the laboratory setup, the speed sensorless stable operation has been observed over 1%-2% of nominal speed.
Small-signal behavior of the speed control loop is presented in Fig. 12(f) . The speed response time is about 10 ms. The more detailed study of DTNFC and comparison to classical variants of DTC has been presented in [6] . The classical DTC [14] has not been realized practically, because it was not possible to sample correctly the hysteresis controller. In such a way, it can be noticed that one of the advantages of the DTNFC is that the sampling time for this method can be lower and the whole controller can be realized in single-processor systems.
VI. CONCLUSIONS
The application of an NF approach for direct torque control of a PWM-inverter-fed induction motor has been investigated through DSP-based experimental implementation. The design and tuning procedure have been described. Also, the improved stator flux estimation algorithm, which guarantees eccentric estimated flux has been proposed. The presented DTNFC scheme has the following features and advantages:
• 
